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compression and tengion was studied, and a program of cyclic triaxial compre-
ssion testéng was initiated. Al]l rocks (grauite. sandstone, limestone, marble)
exhibited cyclic fatigue characteristics in both teneion and compression with
fatigue strengths of 55-70% within 105 - 106 cycles. Prefailed granite
exhibited subgtantial fatigue endurance. An inter-relationahip between
Compression fatigue and the complete stress-strain curve has been demonstrated.
For the same maximum 8tress cyclic stress amplitudes appear to affect fatigue
life. 1In particular, indications are that compression-tension cyclic loading
could be mogt damaging, The process of fabric detarioration due to fatigue 1s

entire body subjected to repetitive loading, As a Pra~tical application of
the regults obtained thug far. 1t is recommended that a value equal to 50X of
the established static strength (couwpressive or tensile) be used 1ir; desikn of
structures in {ntace hard rock as the effective strength that can withstand
static, dynamic or cyclic stresses. The complete stress-strain curve could
be used to determine maximum allowable permanent deformation prior to cyclic
fatigue. The fatigue strength of failed rock should not be overlooked in
designing underground structures,
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PREFACE

This report covers the accouplishments of the third six-month period
in the research program entitled "Mechanical Behavior of Rock Under
Cyclic Loading," B. C. Haimson - Principal Co-Investigator. The program
is Part B of a project entitled, "Aspects of Mechanical Behavior of Rock
Under Static and Cyclic Loading" Concract H0220041). The report on
Part A of the project is published in a separate volume.
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SUMMARY

The reported investigation is the contirnuation of an extensive
study of the cyclic fatigue phenomenon in hard rock. This is the
phenomenon of prematurc failure occurring in materials subjected to cyclic
or repetitive loading. A thorough uderstanding of rock mechanical reaction
to such loading could help in the design of safe rock structures and has the
potential of {aproving rock breaking methods.

compreseion testing.

S-N curves were obtained for Berea sandstone and Westerly granite
in uniaxial compression, for Indiana limestone and Westerly granite in
uniaxial tension, and for Westerly granite in triaxial compression
(confining pressure or 1,000 psi). All rocks exhibited cyclic fatigue
characteristics in both tension and compression with fatigue strengths
of 55-702 within 105-106 cycles. All these results reinforce the assertion
that hard rock is fatigue prone. Design of structures in rock should not ignore
the effects of repetitive loading. The fatigue strengths of each rock as
determiued by the reported tests could be used as the effective strengchs
of intact rock. Since not every rock in the field can be extensively
tested, it is recommended that a value of 50% of the appropriate static
strength (compressive or tensile) be used as the effective strength that
can withstand static, dynamic and cyclic loading.

Cyclic compression tests in previously failed granite like the
previously tested prefailed Georgia and Temnessee marbles, exhibited

previously been deformed to beyond the limit corresponding to its compressive
Strength. Pillars, ribs or other Structural components although "fafled"

could resist cyeclic loading to an extent determined by appropriate S-N
curves,

relationship between rock compression fatigue and the respective complete
stress-stiain curve. Particularly. {n granite, the amount of permanent
deformation exhibited by the upper peak strain in stress-controlled tests,
the shape of the S-N curve, the amount of peak stress relaxation and the
type of fatigue failure in strain controlled tests, all allude to a Class II

The practical application of theue results could be substantial. Determining
the complete stress-strain curve for a rock is much easier and less time
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consuming than preparing an S-N curve. lonitoring the amount of accumu-
lated permanent deformation at a particular stress level (whether in a
laboratory specimen or an underground structure) and comparing it with the
allowable magnitude from the cruplete stress-strain curve could establish
the stability condition and estimate the amount of cyclic loading that the
rock can still withstand. The shapr of the complete stress-strain curve
could indicate the ranges of maximum stress for which the rock is more
susceptible to fatigue effects. These are the regions of minimum allowable

permanent strain, usually caused by those portions of the descending stress-
strain curve having positive slopes.

Experiments in uniaxial tension with different cyclic amplitudes for
same upper peak stress showed that the cyclic stress range considerably
affects fatipue life. In particular, the experiments implied that
compression-tension cyclic loading could be the most damaging type.

Previous investigation of the compression fatigue mechanism showed
that the process of cumulative damage was spread through the entire specimen.
In uniaxial tension fatigue, however, fabric changes due to cyclic loading
appear to be very localized, i. e., a few of the more crucial existing
microcracks slowly enlarge until one gains on the others, propagates and
splits the spec!men. Other than the very close vicinity of the rupture
plane no changes were observed in the internal structure of the rock.
The implication here is that, unlike compression fatigue, impending

tensile fatigue failure may give little warning in terms of deformation
away from the critical flaw.

In conclusion, it is felt that the basic mechanical response of
hard rock to cyclic loading ha: been established. Additional work, 1.e.,
triaxial compression and tension-compression will complete the investigation
of fatigue effect under the most common loading conditions encountered in
the field. More mic:oscopic, acousti: emission and photomacrographic
studies sre to be conducted to determine the internai fatigue mechanism.
The reaction of non-!ntact. rock to fatigue loading will be further studied.
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INTRODUCTICN

Rock formations as well as rock structures are conti..ally subjected
to both static and dynamic loads. Static loads result from wsuch sources
as tectonic forces and the weight of the overlying rock. Dynamic loads
are continually propagated through natural ~ibrations of the earth crust,
and intermittently applied by major earthquakes, rock blasting, drilling,
treffic, etc. The mechanical behavior of rock uuder static loading has
been thoroughly investigated. However, rock reaction to the cyclic,
pulsating stresses resulting from dynamic loads has been generally neglected
with the exception of a few rather limited studies. It is a known fact that
cyclic loading often causes a material to fail prematurely at a stress level
lower than its determined strength under monotonic conditions. This
phenomenun 1s commonly termed "fatigue'. Tunnel walls, excavation roofs
and ribs, bridge abutments, dam and road foundations are only a few of the
rock structures that can be wcakened by repetitive loading. Better under-
standing of cyclic fatigue may assist the engineer in preparing a more
rational design that will eliminate premature failures. On the other hand,
knowledge of fatigue characteristics may help improve rock breaking methods,
e.g., drilling and blasting. It is, therefore, imperative that the effect
of pulsating stresses on rock is fundamentally studied with the ultimate
goal of deriving prartical applications.

Such a study i8 now underway at the University of Wisconsin, and the
present report covers the third six-month period of a three year program
to investigate the mechanical behavior of rock under cyclic loading. In
the first year (1) a thorough literature survey was carried out and an
extensive experimental investigatior was initiated. White Tennessee marble
and Indiana limestone were tested under cyclic uniaxial compression, Pink
and White Tennessee marble were tested under cyclic tension.

The main results of the first year program were:

1. All tested rocks were weakened by cyclic loading whether under
compresaion or tension, if the lower peak load was near zero,
and the upper peak load was held at a level above a threshold,
typical to the particular rock. The threshold appeared to be
within the inelastic¢ range of the stress-strain characteristics.

2. Falled marble exhibited substential strength under cyclic
compression.

3. In cyclic uniaxial compression both the axial and lateral
strains underwent large permanent strains (cyclic creep).
The average Youngsmodulus decreased during the test; the
Poisson's ratio increased. The volumetric strain underwent
cyclic compression dilatancy.
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4. The amount of cyclic creep between the firat cycle and failure
appeared to be limited by the complete stress-strain curve.

2. Fabric analysis was conducted in cyclic compression specimens
using stress-strain data, acoustic emissivn, optical diffractirn
techniques, and a photomicrographic study. The indication was
that microcracking initiated from the very first cycle, und

8ome cycles thereafter. A steady state period folloved,
characterized Ly a near stagnation in crack initiation. There-

after a period of crack extension and coalescence, culminated

in propagation and faulting. Within the above frame of fatigue

mechanism,differences were observed between the non-porous marble
and the high porosity (14%) limestcne (1).

Based on the above results a nunbei of practical applications were
sugpeated. The qualification was made, however, that more experimental
work was needed to (a) confirm the obtained results in other rock types,

(b) to investigate other loading configurations and (c) simulate more
realistic rock conditions.

The present report covers the work performed in the third gemi-annual
period of the project. Results are presented of cyclic fatigue studies of
two additioal rocks in uniaxial conpression, two additional rocks in
cyclic cension, and the initial testing under cyclic uniaxial compresaion.

The conclusions of aninvestigation of the mechanism of fatigue in uniaxial
tension are also discussed.



LABORATORY EQUIPMENT AND EXPERIMENTAL PROCEDURES

Rock Description

The rocks tested during the reported .tage of tne program were
Indiana limestone, Pink Tennesgzee marble, Berea sandstone and Westerly
granite. The first twn rocks were described in the annual report. A
brisf description of the other two follows:

Berea sandstone 18 light gray in color, and consists of 992 quartz.
It is finely grained, very porous (~192), and has visible bedding planes.

Westerly granite has very low porosity (~1Z) a'.d fine grain size.
It contains approximately equal smounts of quartz, microcline and plagio-
clase, and 51 biotite.

Specimen Preparation

All the specimens used in the present phase of the program were 1.0 in.
in diameter, 2.5 in. long and were prepared as detailed in the annual
report (1),

Apparatus

The two servo-controlled loading machines and the add{itional apparatus
used in uniaxial cyclic compression and tension testing were previously
described (1).

The triaxial compression cyclic tests were run in a specially constructed
triaxial cell using the MIS machine. The triexial cell was tuilt after
modifying a design described by Paterson (2). It haa a bore of 2.0 in., and
tive capability of applying up to 15,000 psi confining pressures to 1.0 in, x
2.5 in. cylindrical specimens. Two 1.0 in, diameter pistons at either end
of the cell are rigidly connected by a yoke. The lower piston transmits
the load from the hydrsulic ram to the specimen. The upper piston 1s
forced by the yoke to move with the lcwer piston, thus allowing the
confining cil to maintain its volume ¢ proximately constant
The load from the specimen to the load cell is transmitted through the upper
portion of the triaxial cell. Figure 1 is a detailed cross-section of the
triaxial system. The variation of confining pressure with time has been
monitored, and at 1,000 psi oil pressure it shows fluctuationsof t 30 psi
per cyc'e while maintaining the mean pressure constant av 1,000 psi. At
the present no further improvements are planned, but it is believed that
the t 31 fluctuations have only a very limited effect on the results.
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Figure 1. Front view of the triaxial cell for fatigue testing.
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A pressure generating system has been built on a mobile 2' x 3'
table, consisting of an "Enerpac' hand pump for filling the cell, &
0-15,000 psi positive displacement pump for accurste pressurization, a
0" Heise gage, an accumulator whose purpose is to prevent variatioms in
confining pressure when >ne specimen deforms, and other valves and
sccessories (Pig. 2). A BLH 0-20,000 psi pressure transducer is directly
connected to the triaxial cell and praovides accurate cortinuous pressure
monitoring. The longitudinal displacement of loaded specimens is measured

indirectly by two DCDT transducers mounted on the cuteide of the triaxial
cell,

Experimental Program

Tre objectives of the experimental program have been to {a) determine
the mechanical behavior of rock under cyclic loading and prnvide data that
1s both basic and useful in engineering practice, and (b) study the
internal mechanism that brings about cyclic fatigue.

Three major types of cyclic loading were usad in the reported period,
namely uniaxial compression, triaxial compression, uniaxial tension. The
details of the testing procedure in uniaxial compression and tension can
be found in reference 1. The only difference between the uniaxial and ihe
triaxial compression testing procedures was that in the latter,speci-
mens were subjected to a static confining pressure while cycling the vertical
load. The triaxial cell was so built that the removal of a failed specimen
and the insertion of a new one could be done without removing the cell from
its rigid connection to the loading machine hydraulic ram. Specimens were
jacketed with heat shrinkable tubing and installed in the triaxial cell
which was then sealed and brought into contact with the load cell. The
free annulus 1in the cell was filled wich hydraulic oil and pressurized to
the desired level while keeping the vertical load at a magnitude equal or
greater than that of the oil. The vertical cyclic loading was applied as
described in the annual report. Strain monitoring was indirectly done
through two D.C.D.T. transducers mounted on the outside of the cell (Fig. 1).
The acoustic emission was detected by atftaching the plezoelectric transducer
(1) to the outside surface of the triaxial cell,
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EXPERIMENTAL RESULTS

A - UNIAXIAL COMPRESSION

The two rocks tested under the present program, Berea sandstone
and Westerly granite, were first loaded monotonicalily to determine
their respective uniaxial compressive strengths at loading rates equi-
valent to "static" loading, 1 cps., 4 cps. In both rocks there was a
subatantial difference in strength between the 'static' and the faster
loadirgs (*20%), but no diffcerence was observed between the two cyclic
frequencies (Table 1).

Stress-Controlled 7cats

In these tests the independent variable was the axial load. This load
was programmed such that it followed a triangularly shaped cyclic function.
The lower peak was kept constant throughout. the program at about 200 psi,
the upper peak was kept constant during a test but varied from test to test
when desired. The values first used for upper peak loads were those close
to the monotonic compressive strength for the rate comparable to the cyclic
frequency cvsed. Ti.ereafter, the uprer peak values were lowered in steps
of 5% or le.3 until no failure was obtained in more than 106 cycles. The
results are detailed in the following sections.

(a) 5-N Characteristics

In the first annual report {i) it was shown that both Tennessee
marble and Indiana limestone exhibited cyclic loading fatigue when loaded
in strecs control. To confirm the results obtained two additional rock types
were similerly tested under this year's program. Quantitative results in
the form of S-N curves are given in Figs. 3 and 4. Both the sandstone and
the granite exhibited fatigue behavior, i.e., they were weakened by repeti-
tive loading. Within the limit set for these tests (106 cycles) the fatigue
strength was as low as 55% in Berea sandstone and 607 esterly granite
of the respective compressive strengths,

Although both rocks exhibited a definite weake ing . to cyclic
loading, their S-N relationship was quite different. In the sandstone a
linear relationship seems to prevail (Fig. 3), while the best fitting curve
for the granite vould be divided into three linear portions exhibiting a
sharp drop in strength with cycling in the upper 25%, followed by a drastic
strengthening and increased rrsistauce to fatigue in the next 5% and then
again a rather sharp drop in the remaining 10X (Fig. 4). A tempting specu-
lation regardir, the granite S-N curve is that it may be related to the
complete stress-strain curve for the rock (3). In the post-failure zone
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this curve 18 unstable and has a positive slope in its upper quarter,
followed by a negative slope for a small portion of stress and continued
again by a positive slope (Fig. 5). The extent of the tcp portion of the
descending complete stress-strain curve may coincide with the top range

of the S-N curve (for which less than 100 cycles are sufficient to

bring about failure). Similarly, the next two portions of the complete
stress-strain curve appcar to coiacide with the continuation of the S-N
curve. The implication suggested 18 that the extent of permanent strain
exhibited by the ~umplete stress-strein curve controls the fatigue life at
different levels of meximum stress. Further observed phenomena which could
be related to the complete stress-strain curve will be discussed in the
following sections.

A praztical application derived from the S-N results obcained thus far
18 that in designing hard in’act rock structures, the fatigue strength at
106 cycles conservatively taken as one half of thc measured static compressive
strength (Table 2), would prcvide pro~ection not only against static and
dynamic compressive loads but also against cyclic stresses such as encountered
in earthquakes, blasting, etc.

(b) Cyclic Stress-Strain Behavior

The basic cyclic stress-strain behavior was not different from
that observed in previously tested rocks (1). Three stages (primary, steady
state, tertiary) could always be identified in tests longer :chan 10 cycles.
The first cycle invariably yielded the largest hysteresis due probably
to permanent closing of existing openings and cracks and initiation of
microfractures. As a result of the reduced porosity, the hysteresis in
the granite was, however, very low as compared to the sandstone. Typical
stress-strain curves are shown in Figs. 6 and 7.

The amount of strain difference between the upper peaks of the last
and first cycles, the cyclic creep, was measured and the average values
were plotted in Figs. 8 and 9. Comparing the granite results with the complete
stress-strain curves of a similar rock type as obtained by Wawersik and
Brace (3), it is noticed that similar to the two previously tested rocks
(1), the cyclic creep at different levels of S is bounded by the ascending
and descending portions of the stress-strain curve. In particular, the
Class II character of Westerly granite is apparent in Fig. 8.

(c) Othor Measurements
Acditional measurements related to stress controlled compression
cyclic tests are now at different stages of completion and will be presented

in the forthcoming annual report. These will include data on lateral
strain, volumetric strain, acoustic emission and microscopic 2xamination.

Stress Contrclled Tests with Variable Upper Peaks

An attempt was made to study the loading path dependence in stress
controlied tests. While keeping the lower peak conetant, the upper peak
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WESTERLY GRANITE

CONFINING PR.:--- 1480—

i.r«o—éﬁall'lﬂﬁ

STRAIN (x 10° . ins./in.)

Complete stress-strain curves for Westerly Granite (after

Figure 5.
Wawervnik and Brace).
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Figure 6. Typical stress vs. lateral and axial strain curves in
stress controlled cyclic uniaxial compression--Berea

Sandstone.
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WESTERLY GRANITE
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Figure 7. Typical atress vs. lateral and axial strain curves in stress

controlled cyclic uniaxial compression—Westerly Granite.
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Upper peak strain cyclic creep (permanent strain) for
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Figure 9. Upper peak strain cyclic creep for various stress levels . -
Westerly Granite.
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Btress was varied during the test and the number of cycles, as well as the
total cyclic creep, were monitored. As shown in Figs. 10 and 11 the tocral
amount of permanent strain at the upper peak level at which a specimen
failed was consistently unaffected by the previcus magnitudes or che
upper peak. Whether the upper peak load was stepped up or stepped down,
the total cycli: creep remained path independent. The consistency of
this result was rather surprising. It 1s a further indication that the
azount of upper peak level permanent strain actually controls fatigue
failure. As has been stzted above, it appears that the complete stress-
8train curve provides the range for the maximum allowable deformation.

This range 1s not path dependent as long as the path is within the complete
stress-strain curve,

Stepping up or down the upper peak load during a test drastically affects
the number of cycles to failure. Typical examples are shown in Figs. 10 and
11, Considerably more tests arc needed to quantitatively determine the path
dependency of fatigue 1l1fe.

Stress-Controlled Tests of Failed Granite
2tress-(ontrolled xrani

The discovery of the complete stress-strain curve in recent years ! .s
changed the meaning of rock strength. The classical approach had been “het
rock subjected to loads equal or larger than its compressive strength
would collapse violently and its load carrying ability eliminated. It has
been demonstrated, however, (4) that under some conditions (like stiff
machine loading, or strain-controlled loading) rock is capable of
supporting substantial stresses even after it has reached its compressive
strength. Such "failed" but actzivn rock can be encountered in under ground
excavations, in pillars, sidewalls, etc. It was thus decided to test the
ability of fatled rock to support cyclic loading.

Two failed marbles were tested last year and the results were reported
elsewhere (1). 1In the present program specimens of Westerly granite were
losded in strain-control to their compressive strength value, unloaded, and
then cyclicly loaded in stress-control keeping the lower peak stress constant
throughout the testing program. The lim{ited amount of tests run so far is
not sufficient to establish the S-N characteristic of failed granite. The
indications are clear, however, that while the fatigue life is drastically
reduced, the failed rock is still capable of supporting a considerable

amount of loading cycles. Table 3 gives some typical differences in fatigue
life between intact and failed specimens.

4ditional work on fatigue of fatled rock is pianned in both sandstone
and granite,

Strain—Controlled Tests
—=~ontrolled lests

An extensive geries of tests was run in both rocks under strain control
(at 1 cps). The lower peak strain was kept constant at 480 uin/in throughout
the program and the upper peak stra‘n was varied from teat to test. The
value of the lower peak was chosen so that although 1t was relatively small
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TYPICAL FATIGUE LIFE

TABLE 3

FOR INTACT AND FAILED WESTERLY GRANITE
!

Upper Peak
Cyclic Load

Fatigue Life
of Intact Rock

Fatigue Life
of Failed Rock

(X ¢f Comp, Strength) (cycles) (cycles)
80 10 3
75 35 22
70 10,000 375
65 200,000 4,700

RO
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Figure 10. Path dependence in stress controlled cyclic compression
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Path dependence in stress controlled cyclic compression
tests--Westerly Granite.
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it allowed the lower peak stress to relax during cycling without reaching
zero stress, in which case the specimen would have lost contact with the
loading platens. As in the utress-controlied tests, the number of cycles
necessary to fatigue the rocks increased with the lowering of the upper
peak strain. Fatigue life versus maximum applied cyclic strain was
plotted for both rocks (Figs. 12 and 13) in the form of E-N curves.

The type of strain-controlled fatigue failure was significantly
different from that encountered in stress controlled tests. In Berea
sandstone failure was always slow characterized by crumbling at clhe out-
side surface through a process similar to spalling. Continuous crumbling
rapidly reduced the amount of peak stress and accelerated the cyclic stress
relaxation (Fig. l4a). In some cases the specimens everntually failed, or
were considered failed when the amount of crumbling became excessive; in
others they reached a kind of equilibrium that arpeared to require for
fatigue failure many more cycles than the 10° :_mit (Fig. 15). In
Westerly graaite the type of failure depended on the range of upper peak
strain. In the 90-100% range fatigue failure occurred violently within a
few cycles (fig. 13) and with limited cyclic stress relaxation (Figs. 1l4b
and 16). In the 75-90% range failure was considerably slower, and was
considered complete when chipping occurred at the surface. The relaxation
was dominated by a steady-state stage (Fig. l4c), and later the amount of stress
drop increased (Fig. 16). 2t 70Z and lower the fatigue process seened to
cease and no failure was obtained within more than 10° cycles, although
considerable relaxation was observed.

The type of failure and the smount of stress relaxation to failure
could both be related to the complete stress-strain curve. Using the curve
for Westerly granite (Fig. 5) one can easily establish that in a strain
controlled cyclic test, with the upper peak in the top 10-152 of the ascending
curve, a relatively small amount of stress relaxatlon will cause the cyclic
stress-strain curve to intersect the descending positively sloped section of
the complete stress-strain curve. Additional cycling will carry the relaxa-
tion to the outside of the curve thus cauring a violent failure. When the
process of fatigue failure is slow and seemingly endless, in both granite
and sandstone, it is probably due to the need for the upper peak stress to
reach the zero value before complete collapse. This is the case when the

cyclic stress-strain curve does not intersect the descending part of the
complete stress-strain curve.
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